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Growing human population size and the ongoing climate crisis create an urgent
need for new tools for sustainable agriculture. Because microbiomes have profound
effects on host health, interest in methods of manipulating agricultural microbiomes
is growing rapidly. Currently, the most common method of microbiome manipulation
is inoculation of beneficial organisms or engineered communities; however, these
methods have been met with limited success due to the difficulty of establishment in
complex farm environments. Here we propose genetic manipulation of the host plant
as another avenue through which microbiomes could be manipulated. We discuss how
domestication and modern breeding have shaped crop microbiomes, as well as the
potential for improving plant-microbiome interactions through conventional breeding or
genetic engineering. We summarize the current state of knowledge on host genetic
control of plant microbiomes, as well as the key challenges that remain.
Keywords: microbiome manipulation, crop microbiome, plant genetics, sustainable agriculture, genetic
engineering, breeding, plant-microbe interactions
INTRODUCTION
As the human population grows, food production must increase accordingly despite global climate
change presenting more challenging conditions for crop production. Conventional agriculture has
been largely successful at maintaining yields while adapting to environmental challenges. However,
it has also caused environmental degradation, including non-point source pollution, declines in soil
productivity, pesticide resistance, and reduced genetic diversity. Recently, plant microbiomes have
received growing attention as possible tools for sustainable agriculture. A wide range of microbiome
benefits have been reported, including protection against pathogen and pests (van Wees et al., 2008;
Pineda et al., 2010), increased tolerance to drought and nutrient stress (Meena et al., 2017), changes
in flowering time (Wagner et al., 2014; Lu et al., 2018), enhanced plant productivity (Berendsen
et al., 2012), and heavy metal immobilization (Di Gregorio et al., 2006; Chatterjee et al., 2009). Based
on our current understanding and available technologies, several approaches for crop microbiome
manipulation already exist – the most common being manipulation through soil management
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techniques (Hartman et al., 2018; Nelkner et al., 2019) and
inoculation with beneficial microbes (Parnell et al., 2016).
Here, we suggest that manipulation of the host genome
should be considered as another approach to manipulating
crop microbiomes.
Next-generation sequencing technologies and culture-
dependent methods have advanced the field of microbiome
engineering, especially the production of microbial inoculants.
The application of microbial inoculants is intended to increase a
target function, such as vigor or biocontrol activities; however,
their success is highly variable with few inoculants efficiently
translated from greenhouse to field (Fukami et al., 2016;
Kecskés et al., 2016; Mitter et al., 2017). Some causes of field
failure may reside in the establishment and functionality of
microbials. A successful inoculant must be able to establish
in the environment, which is often challenging due to intense
competition with indigenous microorganisms. Furthermore, the
functionality of the inoculant may be altered or disrupted by
environmental conditions, timing of inoculation, and microbial
evolution (Kaminsky et al., 2019). One potential method to
circumvent these limitations of microbial inoculants is to
alter host genetics to promote the recruitment and growth of
beneficial microbes.
Decades of evidence have established that plants change
the abiotic and biotic properties of soils, which in turn
impact plant performance and agronomically important traits—
a process known as plant-soil feedback (PSF; Bever et al.,
2012; van der Putten et al., 2013). These feedbacks may have
either positive or negative consequences for the plant. In
agricultural systems, negative PSF causes nutrient depletion
and the build-up of host-specific soil pathogens, which
can be mitigated through crop rotation and intercropping
(McDonald and Stukenbrock, 2016). Positive PSF is also
common in both natural and agricultural systems due to
changes in host-specific symbiont density: helpful symbionts
(e.g., mycorrhizal fungi and N-fixing bacteria) increase plant
fitness, which in turn increases the abundance of a suitable
host for those symbionts (O’Brien et al., 2021). While the
theory underlying PSF experiments has mostly focused on a
single pathogen or symbiont, the contribution of the complete
soil microbiome to PSF in agricultural contexts is largely
unknown (Dias et al., 2015). Nevertheless, because the PSF
framework focuses on the role of the plant in shaping the
microbial environment, it provides a solid foundation for
understanding how host genotype can be leveraged to improve
crop microbiomes.
Wild plants have selectively assembled microbiomes over
their evolutionary histories, which have been disrupted by crop
domestication and subsequent breeding (Gopal and Gupta,
2016). By selecting for yield in the context of high water
and fertilizer inputs, conventional breeding has reduced the
selection pressure to form beneficial microbial interactions.
As a result, modern cultivars may have lost some genetic
features required for the recruitment and management of
specific microorganisms (Pérez-Jaramillo et al., 2016). For
instance, domesticated broad beans were able to host fewer
than half as many rhizobial strains as their wild progenitors
(Mutch and Young, 2004), and intensive breeding has reduced
the ability of soybeans to exclude ineffective “cheater” rhizobia
(Kiers et al., 2007). Other studies have demonstrated distinct
differences in the microbial community composition between
wild and domesticated cultivars of wheat (Tkacz et al., 2020)
and maize (Brisson et al., 2019). However, as with many
other examples of host genotype influencing microbiomes, the
functional consequences are unclear (see section “Predicting
functional effects of microbiome variation” below). In general,
the evidence that wild relatives consistently harbor superior
microbiomes is mixed (Sawers et al., 2018) but wild relatives
could serve as a reservoir of genetic variants if traits pertaining
to beneficial microbial interactions are found.
Engineering microbiomes via the host genome has a major
advantage over current microbial products in that it does
not require changes to infrastructure or management, since
plant breeding and genetic improvement is already common
practice (Bakker et al., 2012). In conventional breeding, new
varieties are developed by selectively crossing genotypes with
complementary traits. Advancements in plant molecular biology
have led to the development of modern breeding tools, beginning
with transgenic approaches (Moose and Mumm, 2008). While
transgenic methods transfer desirable traits from different
species to a target species, it is now possible to directly “edit”
the target species genome. The CRISPR-Cas system allows
extremely precise changes to the plant genome, to modify traits
concerning productivity, fitness, and biotic and abiotic stress
management (Chen et al., 2019). Improvements to the CRISPR-
Cas system (Varshney et al., 2015) are poised to make genome
editing one of the preferred methods for crop improvement.
All of these methods all have potential for optimizing crop
microbiomes, although gene editing is likely more feasible
than conventional breeding due to limitations in phenotyping
microbiomes (described below). However, despite the historical
success and recent advancements in plant genetic improvement,
serious challenges must be addressed before implementing these
methods for microbiome engineering. Here, we summarize the
current state of knowledge on how plant genotypes affect the
microbiome and outline some major obstacles that remain
before host genetic improvements can be used to optimize
crop microbiomes.
MECHANISMS OF HOST GENETIC
CONTROL OF THE MICROBIOME
To date, most work on host genetic control of the microbiome
has demonstrated differences in microbiome composition among
cultivars or accessions with no well-defined genetic relationship
to each other, often chosen to represent a breadth of diversity
within the host species (Lundberg et al., 2012; Peiffer et al.,
2013; Edwards et al., 2015; Wagner et al., 2016; Wallace et al.,
2018; Walters et al., 2018; Liu et al., 2019; Veach et al., 2019).
A minority of examples have specifically addressed the effects of
domestication (Pérez-Jaramillo et al., 2017; Brisson et al., 2019)
or modern breeding (Kiers et al., 2007; Wagner et al., 2020a,b).
By demonstrating microbiome heritability, these studies suggest
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that crop microbiomes may have been indirectly shaped by
domestication and selection, and could be further modified
through additional conventional breeding. However, they are
less informative about which specific host traits or genes could
be targeted for their ability to improve the microbiome. In
contrast, mutant and transgenic studies have revealed key genes
and traits that govern the recruitment and regulation of the
microbiome.
Microbiome Recruitment
Because most microbiome members derive from the host’s
immediate surroundings (Bulgarelli et al., 2012; Lundberg et al.,
2012), plant genes that shape the host-environment interface—
the traits separating the plant body from the ambient community
of potential colonists, such as external root structures—have
frequently been implicated in microbiome formation. In barley,
for example, a single mutation altering the size and density of root
hairs decreased microbial alpha diversity across two different soil
types (Robertson-Albertyn et al., 2017). During domestication of
common bean, changes in belowground morphology, including
specific root length and root density, were associated with a
decrease in the ratio of Bacteroidetes to Actinobacteria, among
other changes to the bacterial rhizobiome (Pérez-Jaramillo
et al., 2017). Aboveground, trichomes can serve as points of
entry for some endophytes (Bailey et al., 2009) while also
secreting antimicrobial compounds that may selectively inhibit
others (Ramirez et al., 2012). Accordingly, genes underlying
trichome development were overrepresented in candidate genes
from a genome-wide association study of leaf microbiome
composition in Arabidopsis (Horton et al., 2014). Mutations
affecting the thickness and permeability of the leaf cuticle have
also been demonstrated to affect leaf microbiome composition
and, in turn, the microbiome’s ability to resist pathogen
invasion (Reisberg et al., 2013; Bodenhausen et al., 2014;
Ritpitakphong et al., 2016).
In addition to plant morphology defining the available
microbial habitat, chemical modification of the host-
environment interface also affects recruitment of beneficial
microbes. Roots exude a range of molecules, including
sugars and signaling compounds, that alter soil chemistry
and provide nutrients for resident microbes (Lareen et al.,
2016; Zhalnina et al., 2018). These exudates can shape the
rhizosphere environment to selectively favor certain microbial
groups (Broeckling et al., 2008). For example, transgenically-
induced production of glucosinolate defensive chemicals in
Arabidopsis shifted the relative abundances of Rhizobiaceae
and other potentially important bacteria, demonstrating that
gain-of-function genetic modification can be used to tailor
the microbiome (Bressan et al., 2009). Similarly, in a loss-of-
function mutant study, an antimicrobial coumarin selectively
suppressed fungal pathogens in the rhizosphere while allowing
colonization of growth-promoting bacteria (Stringlis et al.,
2018). In another striking example, maize mutants that were
deficient in the production of benzoxazinoids—defensive
phytochemicals released by the roots of cereal crops—strongly
shifted the composition of bacterial and fungal communities
in the rhizosphere. This genetically-induced alteration to
the soil microbiome had a durable effect on the growth and
herbivore resistance of the next generation of plants, even
after a winter fallow season (Hu et al., 2018). One of the most
dramatic examples of host genotype facilitating a beneficial
microbial association is the case of a maize landrace that
exudes a thick, sugar-rich mucus from aerial roots, providing
nutrition and habitat for a consortium of bacteria that in turn
fix atmospheric nitrogen for the plant (Van Deynze et al., 2018).
These cases illustrate the enormous potential of phytochemical
variation to shape the microbiome, although more research
is needed to fully understand the consequences for plant
health.
Maintenance and Regulation of the
Microbiome
After the initial recruitment, plants are able to regulate
their microbiomes through a variety of mechanisms including
resource allocation and immune activity. In the well-studied
legume-rhizobia mutualism, for example, plants can reduce the
amount of carbon that they provide to bacterial strains that
have colonized root nodules but do not provide nitrogen in
return (Kiers et al., 2007). Arabidopsis thaliana uses a similar
sanctioning strategy to deprive pathogenic bacteria of sugar,
via a signal transduction pathway linking pattern recognition
receptor (PRR) genes to phosphorylation of the gene sugar
transport protein 13 (Yamada et al., 2016). Some of the same traits
involved in microbiome recruitment are dynamically expressed
by the plant to fine-tune their microbiomes; for instance,
plants can quickly increase the production or degradation of
secondary phytochemicals in response to a wide variety of
stimuli, including pathogen attack or changes in nutrient status
(Metlen et al., 2009).
Microbial growth and activity is also directly regulated by
the plant immune system. The immune response begins with
the activation of PRRs, which can detect a variety of highly
conserved microbe-associated molecular patterns (MAMPs) such
as flagellin and components of fungal and bacterial cell walls
(e.g., chitin, peptidoglycans) (Zipfel, 2014). For this reason, PRR
genes are a promising target for improving broad-spectrum
disease resistance (Boutrot and Zipfel, 2017) and are also likely
to affect microbiome assembly because MAMPs are conserved
in non-pathogenic microbes. Similarly, both pathogens and
non-pathogenic microbes produce effector molecules that can
disarm or modulate the plant immune response (Rovenich
et al., 2014; Nelson et al., 2017). Therefore, plant responses
require precise coordination to protect against pathogens while
allowing colonization by innocuous or potentially beneficial
symbionts (Zipfel and Oldroyd, 2017; Rey and Jacquet, 2018).
Indeed, multiple studies have shown that immune signaling
gene pathways are involved in microbial symbiosis (Lebeis,
2014; Castrillo et al., 2017; Chen et al., 2020). Mutations
that disrupted the biosynthesis and downstream targets of
salicylic acid—a critical phytohormone that regulates the plant
immune response—selectively altered rates of colonization by
microbes from particular families, mostly in the Actinobacteria
or Proteobacteria (Lebeis et al., 2015). Plant-commensal microbes
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feature a high diversity of MAMPs that vary in their ability to
trigger immune responses, suggesting that precise modification
of host genomes to regulate particular organisms might one day
be possible (Colaianni et al., 2021).
Together, these studies demonstrate that modification of just
one or a few genes in the host plant can profoundly impact the
composition and function of the associated microbiome. These
effects on plant-microbiome interactions should therefore be
considered when developing new cultivars with desirable traits.
However, several key challenges will have to be overcome before
genetic modification of crop plants can be used to precisely
fine-tune the microbiota for enhanced productivity.
CHALLENGES FOR ENGINEERING
PLANT MICROBIOMES VIA HOST
GENOTYPE
“Phenotyping” the Microbiome
The invisibility and immense complexity of plant microbiomes
present an immediate challenge for conventional breeding, which
requires the ability to measure traits of interest quickly and
inexpensively for very large numbers of plants. The current least
expensive way to quantify microbiomes is via high-throughput
amplicon sequencing; yet this approach quickly becomes cost-
prohibitive at the scale needed for conventional breeding. Thus,
barring major technological advancements that reduce these
costs, it is unlikely that microbiome properties per se (e.g.,
alpha diversity or the abundance of a particular taxon) can
be successfully targeted through conventional breeding. This is
particularly true given that selection for microbiome properties
would likely reduce the efficiency of breeding for more accessible
traits such as yield or disease resistance.
An alternative approach would be to select on variation
in plant responses to microbes, which would not require
quantification of the microbiome itself. Indeed, it is plausible that
selection on emergent plant traits that are responsive to microbes
has already indirectly and unintentionally shaped variation in
crop-microbe interactions (Mueller and Sachs, 2015). However,
identifying such genetic improvements to the microbiome (as
opposed to direct effects on plant traits) would require expensive
post hoc sequencing or subsequent experimentation. Recently,
Ramírez-Flores et al. (2020) took an innovative approach to this
problem by creating a maize mapping population that segregated
for a loss-of-function mutation that rendered the plant unable
to form a symbiotic relationship with mycorrhizal fungi. Thus,
they were able to use standard QTL-mapping approaches to
identify genetic variants for beneficial responses to mycorrhizae
in a large breeding population. In general, however, the combined
complexity of plant genomic variation and microbiome variation
create a daunting challenge for microbiome optimization.
Predicting Functional Effects of
Microbiome Variation
Even if microbiomes could be phenotyped in a cost-effective
way for whole breeding populations, translating microbiome
composition data into actionable understanding of community
function presents its own considerable challenge. The usefulness
of amplicon sequencing for understanding microbiome
function is limited both by the inability of barcoding genes to
resolve taxa at the strain level, and by a lack of information
about the metabolic abilities and behaviors of those taxa.
Despite tremendous progress in the description of the
plant microbiome, more fundamental studies are needed
to determine how community composition translates into
function. This is particularly important for agriculture, since
some microorganisms have been shown to modulate abiotic
and biotic stress, but the role of the rest of the community is
unknown. Addressing microbiome function is challenging and
will require multifaceted approaches, including advancements
in experimental design, microbiome characterization, and
modeling (Lebeis, 2014; Vorholt et al., 2017).
One promising experimental approach is the use of synthetic
communities of culturable microbes that can be recombined
into consortia to observe their interactions and effects on the
host (Vorholt et al., 2017). Such studies allow for reproducible
conditions and the ability to determine which microbes cause
changes in plant phenotype. Synthetic community approaches
have been used successfully to demonstrate the roles of host genes
on microbiome assembly in Arabidopsis leaves (Bodenhausen
et al., 2014), and to reveal microbe-microbe interactions that
underlie stability and function of the maize root microbiome
(Niu et al., 2017). Such studies are typically low-throughput and
limited to readily-cultured microbes. Nevertheless, they are a
powerful tool for dissecting causal relationships between plant
genotype, microbiome composition, and functional outcomes
such as host health and community stability.
Another way to learn about microbiome function is
to go beyond amplicon sequencing (which only measures
community composition, and cannot distinguish between
closely related strains) by incorporating multi-omics methods.
Because the same functions can be fulfilled by more than
one organism (Louca et al., 2018), this functional redundancy
makes it difficult to interpret observed changes in microbiome
composition based on taxonomic composition alone. In contrast,
shotgun metagenomics allows direct observation of microbial
gene frequencies, and thus the functional potential of a
given community. Metatranscriptomics, metaproteomics, and
metabolomics come even closer to describing community
function, because they provide information about microbial
gene expression and metabolic activity (Malik et al., 2020).
The downsides to these technologies include higher costs and
incomplete reference genome databases that are insufficient
for annotating a large proportion of such datasets (Breitwieser
et al., 2019). Advancements in sequencing technology, combined
with continued research into microbial genomic and functional
diversity, will chip away at these limitations over time.
Finally, improved modeling methods will assist with
translating microbiome composition to microbiome function.
Often, these involve innovative computational tools to derive
new insights from large multi-omics datasets that are not
amenable to standard statistical approaches (Sankaran and
Holmes, 2019). Recent developments in this area have largely
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come from researchers working on human microbiomes, who
face similar challenges in inferring function from massively
complex datasets. For example, information about the relative
abundance and metabolic abilities of gut microbiome members
can be combined to simulate how a given community will
respond to changes in nutrient availability (Magnúsdóttir and
Thiele, 2018). Ultimately, multi-omics data and modeling will
reveal features of the metagenome, metatranscriptome, or
metabolome that can be traced back to plant genes and traits that
control microbiome recruitment or regulation. Such features
represent targets for microbiome optimization that are both
malleable through genetic modification of the host and more
likely to have important functional effects.
Genotype-by-Environment Interactions
Although the studies summarized above demonstrate the
potential for genetic modification of plants to alter microbiomes
in useful ways, most of them report results from experiments
performed in laboratory conditions. It is unclear whether
the same effects would be observed across the range of
complex environments that plants encounter in the field. Most
complex plant traits exhibit some degree of interaction between
genotype and environment (GxE), reflecting genetic variation
for phenotypic plasticity. Because plant phenotypes influence
colonization and establishment by different microbes, plant
microbiomes also reflect this GxE. However, because plant-
associated microbiomes are derived from the environmental pool
of potential colonists, they are shaped by an additional source of
environmental variation: abiotic factors that influence microbial
biogeography, such as soil pH (Fierer and Jackson, 2006). Finally,
a given microbe’s effect on the host plant is often sensitive
to mutualistic or antagonistic interactions with neighboring
microbes (Niu et al., 2017; Durán et al., 2018). For these reasons,
host genotype effects on the microbiome are particularly likely to
be environment-dependent (Wagner et al., 2016).
Indeed, most studies of microbiome composition in complex
environments have observed that GxE effects are at least as
strong as any main effect of genotype (Peiffer et al., 2013;
Wagner et al., 2016, 2020a; Walters et al., 2018). Partly due to
strong environmental effects, the estimated heritability of whole-
community diversity or composition is generally low (<5%)
(Walters et al., 2018; Wagner et al., 2020b). Low heritability
seems likely to be a major constraint on using conventional
breeding to engineer microbiomes; however, it is possible that
functionally important members of the microbiome—most of
which are currently unknown—may be more heritable than the
community as a whole (Wallace et al., 2018). In addition to GxE
shaping plant microbiomes, the environment also determines
the level of benefit provided by a given microbiome. For
example, bacterial strains that conferred drought resistance to
grapevine and peppers showed no beneficial effects under well-
watered conditions, indicating that their benefits are specific
to a particular environmental stress (Rolli et al., 2015). In
addition, their growth-promoting abilities were stronger in
plants with drought-sensitive root genotypes relative to drought-
resistant genotypes. As another example, some mycorrhizal
fungi may act either as mutualists or parasites depending
on plant genotype and the chemical, physical and biotic
state of the environment (Johnson et al., 1997). Despite the
complications introduced by GxE, the existence of relatively
stable “core microbiomes” across diverse environments offers
some encouragement that plants already have a strong ability
to select their microbiomes in predictable ways. For example,
the root microbiomes of Arabidopsis plants grown in different
soils were still more similar in composition to each other
than to the original soils (Lundberg et al., 2012). The same
was true for root microbiomes of 31 tropical plant species
from diverse phyla across six distinct soils (Yeoh et al.,
2017). This robustness makes members of the core plant
microbiome high-priority targets for agricultural applications
(Busby et al., 2017).
GxE is a classic and widespread challenge for plant breeders
working to improve almost any trait (Falconer, 1952), and
to some extent, existing methods to overcome it can also be
applied to efforts to improve crop microbiomes. The adaptability
and phenotypic stability of a genotype across environments are
important considerations when developing new cultivars. By
adapting existing genomic selection methods, plant breeders
can account for GxE interactions and select cultivars with
optimal performance either across environments or in specific
environments (Burgueño et al., 2012; Jarquín et al., 2014;
Roorkiwal et al., 2018). Such methods will indirectly favor alleles
that promote beneficial interactions with the microbes in a given
environment (Mueller and Sachs, 2015; Mueller et al., 2019).
CONCLUSION
The improvement of crop microbiomes via genetic manipulation
of the host is a promising approach because it has the potential
to promote plant-driven enrichment of beneficial microbes
from any environment and any soil community. In addition,
it requires no additional resources or inputs, and avoids
any unforeseen consequences of introducing new organisms
into established agroecosystems. However, such methods are
likely a long way in the future. A great deal of research is
needed to provide the scientific foundation that would enable
actionable genetic improvement strategies with predictable
outcomes for microbiome function. We are currently limited
by our understanding of both (1) how plant genetic variation
maps onto microbiome variation, and (2) what features of the
microbiome should be modified to make it “beneficial” for
a given plant in a given environment. Even when both of
these questions are answered in a given system, the immense
complexity of natural microbiomes can mask compelling effects
that were seen in a laboratory setting (Weinhold et al., 2018).
In the short term, other applications of host genetic variation
are more likely to be successful: namely, focusing on improving
plants’ phenotypic responses to the microbiomes they are likely
to encounter in farm soils. Ultimately, genetic improvement
should be considered as one more tool for incorporating
microbes into sustainable agriculture, which could be used in
concert with other approaches such as soil management and
microbial inoculants.
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